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ABSTRACT

The status of nuclear-based techniques for the detection of bulk explosi-e.
present]ly under {nvestipatio: i the US Federal Aviation Adminis:ration
CFAAY is reviewed, Thisse {nzlode thermal neatron actlvation (TSA)Y, tast
neatron acrtivation (IFNA:, the associated particle technique, nuclear
resonance bl sorption, and ph roneatron activarion.,  The resalts of com
prehensive aivport testingg of the THA svstem performed darang 1987 -nwA

e samrarized. From a tecl s cal point of view, welean Lased technigques
new pepresont the most comprenensive and feasible approa b Loy meet i

the cperatlonal eriteria of cetection, faise alares, and thaouphpar

I. INTRODUCGTION

In 1986 e presented a ritionnle for the detection ! bulk esploniees
haned on nuclear tecnnlgues that addiessed the requicerents of eivnl
aviat{ion security an the a’rpoit enviionment .V Sinee then, et tortes Luewe
intensiled to fmplement a ~vstem based on thermal neatran activa ion
(ThA) . with new work deselaping In Laat neatron amd enerpetico photon
teactions.  In this paper we will doseryibe these technigues and poegent
new results from Taborators and alrport tear fng.

Paved on poellmfnary resvdo o, we contended inom eanlier paper?t thae
e lear huaned 1o ||||i-||||--. Gl provide salticieat by penetaating, proben ol
dicrfrenichaby s detectab e L one 1t lan produr to achicere the FAas operat 1o

poa e new data have whppo ted this contention



IT. CHARACTERISTICS OF NUCLEAR-BASED EXPILOSIVE DETECTION TECHNIQUES

Nuclear-based detaction techniques probe the screened items with penetrat. -
ing radiation, ncotably neutrons and photons. An array of detectors posi-
tioned near the screened item senses the high-energy gamma-ray reaction
products induced by the prohe (see Fig. 1). The intensity, cnergy, and
spatial disrribution of the detected radiation; their relationship rto

the prohing radiation; and anv additional information concerning the
object are used to determine the presence or ahsence ot an explosive,

Computer with alarm system

Detector

) Conveyor

Fig. 1. Explosive-deiection schemat e,

Feolemy dnterrovation fnvolves detecting react ton produe 2o from Dag gt
cvotopen that e e liably and sutticiently present in all cxplosives
e dicriminating teaturen of explosices are sammar iced in Table |
daocotdiny ta their apeciticity and sencitivity as g hasis tor detecian,
The mniver wul occurrence ol these sane olement s in oonexplosives . how oo,
limits the attainable Tevel of detection sensitivity, amd, invar pabibey,
fncreanes the probanility of Talne alarms,



TABLE 1

DISCRIMINATING FEATURES OF EXPLOSIVES

Characrteristic Feature

Total nitrogen

Nitrogen density

Oxyvpgen density

N:H, N:C, and N:O ratios
Trace metals

Total density

Physical shape

Specifivcite
Higl:

Higl

High

Very high
High
Moderate

Low

The FAA operational criteria will limit the choice of tecliniques to

those probing reactions that can meet the criteria in a practical wav,

No single factor determines the applicability of a specific reaction vo
the complex problem of explosive detection, but any choice of reactions
must consider the availabilityv, cost, size, and shielding requirements

for a particular nuclear probe. The induced radiovactivity in the contents
of lugpape and the potential exposure to the public are also important
conriderations in selecting appropriate probes.

I1T1. TECHNIQUES PRESENTLY UNDER INVESTIGATION

. Neatron Prohis

1. Thermal Neutron Activation Explosive Doetection System (TNA/EDA)

-- Science Applications International Corporation (SAIC), Santa Clara,
California. This techninque detects and {mages the 10 8-MeV pamma 1av
produced in nitrogen by the prompt radlative captuie of theitmal neutrors
The concept was oripinally investigated by the Westinghouse Corporation,
it tsburgh, Permnsylvania, who demeastiated 1ts leasibility to the Faa
with checked bappave and abr cargo.?  The technlque detects and imapes
only nitropen and is sepsitive to ackprounds from other intertering
clement o that also emit hiph - enetpy pamma 1avs. It remaing the moat
thovauphly tested of all explosive detection technignes and sets e
“tandand o companinon with other techebgpues,

In the SAIC version, the nentron somee bs either the radioisotope S* 70
o an electionie neatron peoerator withs a peal nentiton futensity of

"k DR /s Fast veatronyg from the somce are slowed down by iiydiopaenonee
moderat ing, materials that male up rthe walts of the intenogating ey
to create o clowd of Tow enctpy neutione Mhe aver Wb sice of the e e

i dvrermined by the requitements for sofficient moderatany, material oo
previace o high nevtron floy 'n o the Tnrterropating coavivte, ploas oo el



shielding to reduce radiation exposure to parsonnel (see Flg. l). The
neutrons diffuse into the screered object to produce characteristic
gamma rays that are promptly emitted following neutron capture. The
SAIC di-tector array consiscs of up to 80 Nal(Tl) inorganic scintillators
arranged in two C-shaped rings, with a 25%2Cf source in the gap of each
C-ring. In the electronic neutron generator design, the riugs are col-
lapsed into ore ring, with the single gencrator source displacing the
detectors to each side.

Fipure 3 deplcts the typical gammia-ray spectra chtained from a Iugpape
sample with and without a threat amount of explosive simulant. T .cse
spectia are characterized by a large background of low- and intermedfate
enerypy gamma ravs arising trom sultcase contents and from cavity constru: .

tion materials. The construction materlals were carefully sele ted 1o
minimize backpgrounds, and corrections tor the remainisy, backprounds are
applicd to each detector.  Additional corrections are applied to the

Ligh-encrp pamma rave from chromium, chlovine, and nlekel that jnterten
ditecrly with the pamma rvavs from nitropen.
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SIGNAL PLUS
,BACKGROUND NITROQGEN

COUNTS/UNIT ENERGY

ENERGY

Fig. V. Linear spectrum of high-energy region (a) wiihout and
(b) with 1-kg C-4 simulant.

High-speed analop-sipnal-processing electronics were developed to meanume
previsely the encrgy of cach gamma rav at the data rates necessary ta

meet the svetem throughput requirement. The detected pamma-vav sipnals
are converted into pulses suitable tor computer processing. 1 a predetor
mined set of conditions {s fulfflled (sucl as a localized region of high
Foamima-tay rate from nitropen), the system's alaims indicate the possibic
proeseie of an explosive threat,

Frtensive Taboratory optimization wmeasurements were follow d he an inten
sive period of airp ot testing Glune 1987 March 198B)Y, which ineluded
measutemenis with both the radlofsotopic and ¢lectionie neutren sources
Teata ta ditect simalated bulk and sheet explosive stmdants at the
opetatiotnally required thhoughpat rate were performed at the San Franeiseo
iand Los Anpeles Intermnational Ajvports in California oo hoth do

andd International bappape seta, The resudte of the Testa are soabitat ool
in Table 11



TABLE 1I
AIRPOPT TEST RESULTS FOR THE TNA EXPLOSIVE DETECTION SYSTEM

FOR MORE THAN 30,000 SCREENED ITEMS

Item Probahijjity of Detection () Prohahility of False Alarie 4.
Luggage 90-96 3-8
Cargo 90-95 1-4

The range of PD and PFA values results from variations in performance

due to the contents of the luggage items as a function of the destination
and the season of the year. The trade-off in PD vs PFA to match a par-
ticular situation is programmed into the system decision-making process.

A disturbing result of the airport tests was the large fraction of items,
pariicularly in the International sample, that contained more than onc
threat equivalent of nitrogen (see Fig. -i). This illustrates the need

to measure other Independent, distinguishing features besides nitropen
to reach the lowest possible PFA. To achieve this, SAIC determited a
large number of discriminants, the most significant of which are the
average density of edch bag, rhe neutron flux attenuation in the bag,

and the spatial distribution of nicrogen.
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The TNA technique has successfully achieved the FAA operational criteria
of PD, PFA, and throughput. Presently, SAIC is designing and modeling
improved and more compact versions based on hoth types of neutron sources.
More iupartantly, the success of TNA has demonstrated the efficacy of
nuclear-based techniques and has provided the basis for consideration of
other techniques.

2. Fast-Ncutron-Activation Explosive-Detection System (FNA/EDS)---
Science Applications Interna.ional Corporation, Santa Clara, California.
To extend the advantages and overcome the limitations of the TNA approach.
SAIC is investigating a new technique that relies on the inelastic reac-
tions of fast neutrons (FNA) on carbon, nitrogen, and oxygen. A continuous
flux of fast neutrons (l+ MeV) 1s produced in the reaction.

d + T = *He + n,

where a beam of deuterons (d) is accelerated at low energy (150 keV)

onto a tritium (T) target, liberating alpha particles (*He) and neutrons.
Subsequent neutron collisions produce characteristic gamma rays from
inelastic reactions with the main constituents of explosives. Thus, most
of the characteristic components of explosives can. in principle, be
detected and imaged. The overall improvement in PD and PFA can be es-
timated once the system’s signal-to-hackground ratios are determined foi
each elemenc.

The interrogating cavity lLas an inner layer of lead (Pb) that maintains
the rlux of fast neutrons, minimizes thermalization, and shields the
detector array from gamma rays produced in the personnel shielding
materials. As with TNA, the selection of construction materials with
the proper neutronic characteristics is critical to the technique's
success,

The required peak intensity of neutrrons in FNA is expacted to be lower

than T¥a, resulting In less shielding and an overall smaller system,

The method ot (etection and imaging is identical to that of TNA. Tncreasdd
sensitivity to explosives is predicted nn the bhasis of the higher intera--
tion rates of fast neutrons, while improved selectivity is expecied from
fmaging spatially coincident multiple elements of explosives,

An FNA cavity, neutron source, and partial detector arrav have hoon
assembled and operated, A systemat{c study is underwav to determine the
detvetor shielding required to reduce the background orviginating from

tast neatron reactions dirvectly in the detector and surrounding materials.
The spectra of samples for Individual signal elements and composite
materials Lhave been measured.  Further detector, shiclding, and cavitey
optimization are required to reduce the high-energy background contimum
that compromises the overall sensitivity in the region of Interest.

Laboratory measurements with test samples of luppape and explosive sim
ulants will bepin in the Fall of 1988, with airpoit testing, scheduled
for 1 4w,



3. The Associated Particle Technique. The associated particle
technique further extends the idea of FNA to produce three-dimensional
images of gamma rays produced by fast neutron inelastic interactions.

With support from the FAA and the US Navv, Consolidated Controls Corpora-
tion (CCC) is developing the technique for explosive detection,?® although
the technique i{s not limited to detecting and imaging explosives.* 7 The
Advanced Nuclear Technology Group at Los Alamos MNaitional Laboratory is
extending the limits of the technique’s anplication ro the area of nati ia
securicy.

1
-

The technique exploits the temporal and spatial correlation between the
14-MeV neutron and its associated alpha particle (*He) produced in the
d-T f:sion reaction described in the previous section. At low deuteron
energ.es the alpha particle and neutron are produced back-to-back. Thus,
by localizing the alpha particle, the direction of the neutron is deter-
mined (see Fig. 5). The neutron's subsequent interaction point is deter-
mined by measuring the total time between the detection of the alpha
particle and the detection of the gamma ray produced in the neutron
interaction.

D-T GENERATOR

ALPHA DETECTOR
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START ADC TIMING SPECTRUM
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GAMMA DETECTOR CA
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Frg;. . Associated particle technique schemat e,



The gamma-ray spectra provide unique signatures for mos:t elements. Wwith
an appropriately characterized detector, the individual elements and
their relative percent weight compositions can be determined and visuil-
ized. By binning the data according to the variation of the time-of-
flight with distance from the target, images for each volume element are
generated. Larger volumes are imaged by adding more alpha detectors.

The first phase of the CCC program involved detailed spectral measurements
of simulated explosives and the contents of luggage. It was quicklw
recognized that although the sensitivity of the technique would not meet
the FAA throughput requirement for a fast screening svstem, it was pos-
sible, with longer inspection times, to achieve lower PFis than other
techniques.

The second phase of the CCC program involved the development of a compact,
sealed-tube neutron generator (STNG) with an integTated alpha detector.
They succeeded in producirz a 107 n‘s source for a single-pixel system
that was delivered to the US Navy in 19:8.

The Los Alamos program has concentrated on the fundamental aspects of
neutron intensity, beam optics, and detector timing resolution to increas-
the gensitivity and improve the spatial resolution of the technique.
Sub-nanosecond time resolution was achieved using a plastic scintillatur
alpha detector and BaF, gamma-ray detector. A gamma-ray detector shieldin;
stuly Is seeking to reduce the counting rate from time-correlated and
uncorrelated, neutron-induced backgrounds and is targeted for a ten-foi.d
increase In sensitivity.

Immediite plans call for the implementation of a four-element alpha-
detector array and two gamma-ray detectors, A fully operational system
with a 100-element alpha-detector array and as many as 10 gamma-ray
detectors (each simultaneously acquiring 128 channels of spectral data
in as many as 16 time windows) is envisioned. To acquire, process, aad
display the copious amounts of data produced by ar operational multi-
pixel system, specisl attention must be directed :o computer architecture.
Los Alamos is investigating the parallel-processing capability afforded
by the VME bus. The single-processor-based Valet system (developed by
CERN in Geneva for high-energy, colliding beam experiments; is currentlw
being used in the single-pixel system and is expected to be abl: to
handle the four-element array. The system affords a large degrev of
Flexibility in the availability of data acquisition hardware thirough its
CAMAC interface. A demunstration of three-dimensional imaging of the
clemental comnosition of extended objects, iucluding explosives, is
pLlinued for late 1988,

B. Hiph-Facrgpy Photon Probes

The FAA has funded feasibllity studles of two techniques :hat use high-

energy photon probes to detect and {mage speciftic elemental components
of explosives: nuclear resonance absorption and photoneut von activation.
Both techniques are highly speculative, and work is rropressing to resoelve
basic physics questions regarding resonance widths and veaction cross



sections and to determine sources of background. The required energetic
photon beams are produced either by bremsstrahlung radiation or frerm
protor.- induced reactions.

1. Nuclear Resonance Absorption. Nuclear resonance absorption is
observed when incident photons are strongly absorbed by a specific target
nucleus at a particular photon energy corresponding to the resonance
energy of the nucleus. If the width of the resonance is appropriately
narrow, the fraztion of the total absorption due to resonance absorption
is large. This provides an opportunity to detect and image a particular
isotope whose resonant absorption energy is closelv matched to the probhe-
photor energy. It also exists for one of the isotopes in expliosives,
and resonance absorption of high-energy photons has been obserwved. 1In
principle, a detectior svstem functionally comparable to a concourse
X-ray scanner but sensitive onlv to explosives is possible.

Tie feasibility study is determining 1f the level of sensitivity providel!
by this technique can meet the uperational requirements. Monoenergetic
photon beams with the precise energy for resonant absorption have been
produced with proton beams via tne (p,y) reaction at Van de Graaff ac-
celerators. The photons emanate from a geometrically small spot as &
fan beam with a small angular divergence, providing for the possibilicty
of imaging with high spatial resolutior. The width of the resonance l.as
been deTermined, and the required proton current for a prescribed lesvel
of sensitivity has been estimated. Targets capable of sustaining the
power level have been designed and tested in a proton beam. The prescnt
effort is directed toward designing, fabricating, and testing an array
of detectors that produces images of explosive simulants. The goal is
to determine the spat.al resolution and detection sensitivity required
to detect sheet explosi.es.

2. Photoneutron Reactions. Photoneutron reac®ions involve the
production of shor:t-lived rudioisotopic beta emitters predominanziv b
the ry,n) (v.p) and {v.Zn) reactions The reaction thresholds for the
elements of interest in explosives require high-energyv hremsstrrahlung
beams (1N-MeV and higher). The resulting beta emitrers ure detected
either by coincidence detection of the two, 511-keV gamma rays following
the annilhiilatioun of the positrnn or by the high-energ: bremsstrallung
associarted with the eritted positrons and eluctrons. Coincldence detecting
is ivherentlv imaging in three-dimensions, identical to positron emission
tomographv scanning in the medical application. The challenge i< tao
distinguish the source ot positrons specific to isotopes of explesives
from other positron emitter~ produced at the high photon energies required,
This can be done bv erpleving a pulsed heam of photons and interrvogaring
in-between pulses. Isotuopic determination is made on the basis of the
characteristic half-lile of the positron emitter.

The FAA is suppo.cing an experimental program to determine the sensitivicy
of photoneutron reactions ro explosive constituents and the backgrounds
that may occur at the energies involved. Preliminary results indicate
that there are competing reactions that provide hoth odditional sources

ot detection and backgrounds.®
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IV. CONCLUSION

Access by terrorists to new, shape-independcot or non-nirrogenous ex-
plosives presents a serious challenge to ali bulk-detection technologies.
The development of automated detection equipment to screcn passengers,
baggage, and cargo for concealed explosives remains a top FAA priority.
Significant progress is being made in this area through the development
of the advanced bulk-detection techniques descrited in this paper.

The TNA system ls the first truly automated explosive detection Jevice
operationally tested on aiiline baggage and cargo. The performance of
the system and the flexibility to select detection aptions based on a
perceived threat level have resulted in an FAA decision to purchase and
deploy at least five TNA units. The plsn is to deploy the systems at
high-risk, Category X airports in the United States and possibly at ernc
or twn foreign airports used by US carriers. Estirated delivery is for
July 1989.

Efforcs are underway to improve the reliability and pevformance of the
TNA svstem. These include the development of an electronic neutrron
source with ircreased output and longer lifetime and the intezration o!
the TNA-generated nitrogen images with high-resolution x-ray images.
Tests show that this correlation reduces the PFA by 50% with lictrle
effect on the PD.°

As the lead agency for the development of explosive-detection technolopw
in the US, the FAA 1s continuing its search for new detection conceprs

ard technologies that have prospects tor greater effectiveness and rodu ol
size, complexity, and cost than those currently under development.

Toward this errd, the FAA strategy has hecen tn increase the number and
technical quality of new concepts under investipation. Approximitelv '
proposals have been evaluated In each of the past three vears, resuliing
{r four or more funded pruposals per year. Theuse include problem arc..
not addressed by bulk-detection technologies, such as screening o exn
plosives on the person and in carrv-on luppage.
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